It is critical that cell numbers are tightly regulated to maintain tissue homeostasis. One mechanism used to accomplish this is the dependence of cells on a limited supply of tissuespecific, cell-extrinsic signals (11) . When cells fail to obtain sufficient extrinsic signals, they atrophy and eventually undergo apoptosis (13, 49, 53) . Atrophy is characterized by decreases in cell size, protein content, cellular ATP, and the rate of glycolysis. In addition, atrophic cells display delayed activation and proliferation in response to mitogenic stimuli (49) . Apoptosis is initiated when proapoptotic Bcl-2 family members, such as Bax, are activated by conformational change and localize to mitochondrial membranes, where they cause the loss of outer mitochondrial membrane integrity (21, 42) . Once the outer membrane is breached, cytochrome c, apoptosis-inducing factor, and SMAC/DIABLO are released from the intermembrane space into the cytosol, where they can promote caspase activation and initiate apoptosis (41) .
The induction of mitochondrial-mediated apoptosis requires the activation of proapoptotic Bcl-2 family members (38, 60, 68) , but the events that lead to the activation of Bax and the loss of mitochondrial integrity are uncertain. One possibility is that Bax activation and mitochondrial dysfunction are the consequences of the decrease in glycolytic metabolism that occurs when cells are deprived of survival-promoting signal transduction pathways. Decreased glucose uptake upon growth factor withdrawal of factor-dependent cell lines may result in a lack of glycolytic substrates for mitochondrial metabolism, such as pyruvate and NADH. Ultimately, the lack of substrates for electron transport and maintenance of inner membrane potential could compromise the ability of mitochondria to properly regulate ion exchange and volume homeostasis (43) and result in the activation of Bax and the loss of mitochondrial integrity. The mechanisms by which extrinsic signals maintain mitochondrial homeostasis and how cancer cells overcome their dependence on extrinsic signals to allow tumor growth are largely unknown.
A key molecule involved in the signal transduction pathways of many cell-extrinsic signals is the proto-oncogene Akt, a serine and threonine kinase. Akt was found as the cellular homologue of v-akt, a viral oncogene isolated from a spontaneous thymoma of an AKR mouse (6, 10, 28) . Constitutively active Akt can promote cell survival in the face of a variety of death stimuli, including withdrawal from growth factors (32) . In addition, Akt has been shown to regulate aspects of cellular metabolism, such as insulin-responsive glucose transport (23) . Upon ligation of the insulin receptor, Akt is recruited to the plasma membrane through interaction of its pleckstrin homology domain and the products of phosphatidylinositol 3-kinase (PI3-K). At the cell membrane, Akt is activated through phosphorylation by kinases, including the PI3-K-dependent kinase PDK1 (2, 52) . Akt can be rendered constitutively active by targeting to the plasma membrane by myristoylation (mAkt), where it is phosphorylated by endogenous PI3-K-dependent kinases. When activated, Akt can phosphorylate target proteins that affect glucose uptake and metabolism. For example, insulin activates Akt to promote translocation of the glucose transporter Glut4 to the cell surface to allow glucose uptake in adipocytes (16, 24) .
In hematopoietic cells, Akt activity has been shown to maintain cell survival even in the absence of cell-extrinsic survival signals. Unlike survival conferred by antiapoptotic Bcl-2 proteins, maintenance of cell survival by Akt requires the presence of glucose in the culture medium (20, 48) . This could be because Akt may mediate its survival effects based on induction of new transcription and translation, such as that caused by Akt-mediated activation of the survival-promoting transcription factor NF-B (29, 33, 34, 39, 50) . In this case, the requirement of Akt for glucose in the medium to support survival may be solely to support macromolecular synthesis, because glucose acts as a source for production of amino acids, ribose sugars, and ATP. Alternatively, Akt may support survival of growth factor-deprived cells as a direct consequence of maintaining nutrient uptake and cellular metabolism. The latter hypothesis is supported by observations with both hematopoietic and neuronal systems that cellular metabolism normally decreases upon withdrawal from growth factor (12, 49, 61) but that Akt can prevent this decline (15, 48) and that Akt can promote short-term survival even in the presence of cycloheximide (CHX) (20) .
To analyze the mechanism for long-term Akt-mediated survival of growth factor-withdrawn cells, we analyzed the metabolic and survival characteristics of mAkt-expressing cells and cells expressing early components of the glycolytic pathway. Here, we show that long-term Akt-mediated survival did not require transcription and translation of prosurvival proteins because mAkt expression could promote the survival of interleukin-3 (IL-3)-dependent FL5.12 cells in the absence of IL-3 even when new protein translation was inhibited. mAkt-expressing cells did, however, require a hydrolyzable glucose substrate to mediate IL-3-indepenent survival. Expression of mAkt caused increased glucose uptake and phosphorylation by promoting Glut1 localization to the cell surface, total cellular hexokinase activity, and pentose phosphate shuttle activity. To determine the role of glucose uptake and phosphorylation in the mAkt-mediated survival phenotype, FL5.12 cells were transfected with Glut1 and hexokinase 1 (HK1), individually and together. Unlike mAkt cells, Glut1/HK1 cells did not display elevated glucose consumption relative to that of control cells. The inability of Glut1/HK1 cells to promote a prolonged increase in glucose consumption correlated with a loss of phosphofructokinase 1 (PFK1) protein levels and inability to maintain pentose phosphate shuttle activity following growth factor withdrawal. Nevertheless, Glut1/HK1 cells maintained higher cellular NADH and NADPH [NAD(P)H] levels than did control cells. In addition, expression of Glut1 and HK1 was sufficient to prevent activation of Bax and to promote long-term growth factor-independent survival of some cells, while Akt required glucose and glycolysis to support cell survival in the absence of growth factor. These data demonstrate that Bax conformational change is sensitive to changes in glucose metabolism and indicate that Akt may prevent Bax activation and cell death by promoting glycolysis through multiple posttranscriptional mechanisms, including Glut1 surface localization, stimulation of hexokinase activity, and posttranscriptional regulation of PFK1 expression.
MATERIALS AND METHODS
Cells. The IL-3-dependent hematopoietic cell line FL5.12 was transfected with rat Glut1 cDNA (a generous gift of M. Birnbaum, University of Pennsylvania, Philadelphia, Pa.) in pSFFV and HK1 in pcDNA3 (a generous gift of J. Wilson, Michigan State University, Lansing, Mich.) either alone or in combination. Control cells were transfected with empty pSFFV. Stable clones were identified after selection with Geneticin (GIBCO-BRL, Grand Island, N.Y.) and immunofluorescence labeling followed by flow cytometric analysis for Glut1 and HK1. Cells expressing mAkt have been previously described (48) or were generated by transfection of FL5.12 cells with mAkt in the pEF6 vector (Invitrogen, Carlsbad, Calif.). Experiments were conducted on three or more clones from each transfection, and results given are from one representative clone of each type. In some experiments, FL5.12 cells overexpressing Bcl-xL were used (clone Bcl-xL 4.1) (49) . Cells were grown in RPMI medium with IL-3 as previously described (7, 25, 45) . The medium was supplemented with IL-3, either by addition of conditioned medium from the IL-3-producing WEHI 3B cell line or by addition of 400 pg of recombinant murine IL-3/ml (BD-Pharmingen, San Diego, Calif.). Consistent results were obtained with both sources of IL-3. For inhibition of the PI3-K pathway or protein synthesis, cells were cultured in 10 mM LY249002 (LY) or 20 g of CHX/ml, respectively. Inhibitors were added at the start of each culture and were replenished at day 2 of each experiment. Where glucose was withdrawn, cells were grown in glucose-free RPMI medium (GIBCO-BRL) supplemented with dialyzed fetal calf serum (GIBCO-BRL). Glucose (Sigma, St. Louis, Mo.) was added to some cultures to a final concentration of 10 mM. In other cultures, 2-deoxyglucose (2-DOG; Sigma) was added to a final concentration of 10 mM. Cell concentrations were determined with a Z 2 particle counter (Coulter Corp., Miami, Fla.). Glucose and lactate concentrations were measured with diagnostic kits as described by the manufacturer (Sigma). Some cells were cultured in 20 M iodoacetic acid (IAA; Sigma) in RPMI medium either with or without IL-3 or in the presence of 1 mM methyl-pyruvate (mPyruvate; Sigma).
Cell fractionation. Mitochondria were isolated from FL5.12 cells growing in the presence or absence of IL-3 as previously described (19) . Plasma membranes were prepared as previously described, with some modifications (31) . Briefly, 15 ϫ 10 6 cells growing in IL-3 or withdrawn from IL-3 for 12 h were washed in plasma membrane-coating buffer (PMCB; 20 mM 2-morpholinoethanesulfonic acid, 150 mM NaCl, and 280 mM sorbitol [pH 6.0]). The cells were resuspended in 1 ml of PMCB and added dropwise to 5 ml of PMCB containing 1% cationic colloidal silica (Ludox-CL; Sigma). The cells were then gently rotated for 20 min at room temperature. The cells were washed three times in 20 ml of PMCB, resuspended in 1 ml of PMCB, and added dropwise to 5 ml of PMCB containing 0.1% polyacrylic acid with a molecular weight of 30K (Sigma). The cells were gently rotated for 20 min at room temperature, washed three times in 20 ml of PMCB, and resuspended in 1 ml of lysis buffer (2.5 mM imidazole and 5 mM EDTA). After 30 min on ice, the cells were lysed by using a Dounce homogenizer and tight-fitting pestle. Plasma membranes were isolated by sedimentation through a 70% Nycodenz (Sigma) cushion by centrifugation at 28,000 ϫ g for 30 min. The pellets containing plasma membranes were washed three times in lysis buffer and solubilized from silica by boiling for 5 min in lysis buffer containing 2% sodium dodecyl sulfate. The protein concentrations were then determined and were subjected to Western blotting.
Western blots and immunofluorescence. Cells were lysed for Western blotting in 0.5% NP-40 NET (100 mM NaCl, 1 mM EDTA, and 10 mM Tris [pH 8] with protease inhibitors; BD-Pharmingen) and precleared by centrifugation. Protein concentrations were determined by bicinchoninic acid protein assay (Pierce, Rockford, Ill.), and 10 g of protein was run on a sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis gel (Invitrogen). Glut1 was detected by using rabbit anti-Glut1 antisera (Research Diagnostics Inc., Flanders, N.J.), and PFK1 was detected by using goat anti-fructose-6-phosphate kinase (Research Diagnostics), followed by anti-rabbit horseradish peroxidase (Santa Cruz Biotechnology, Santa Cruz, Calif.) or anti-goat horseradish peroxidase (Santa Cruz Biotechnology), respectively, and detected with ECL-Plus (Amersham Biosciences, Piscataway, N.J.). For immunofluorescence, the cells were fixed in 1% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min. The cells were then permeabilized in 0.03% saponin (Sigma) in PBS and stained in staining solution consisting of 0.3% saponin in PBS containing 10% normal rat serum and 10 g of primary antibody/ml for 30 min. Glut1 was detected by using rabbit anti-Glut1 (Research Diagnostics, Inc.), and HK1 was detected by using monoclonal mouse immunoglobulin G1 (IgG1) monoclonal anti-HK1 (Chemicon, Temecula, Calif.). Cells unstained by primary antibody served as negative staining controls.
After being washed in 0.03% saponin in PBS, the cells were stained with secondary antibody, goat anti-rabbit fluorescein isothiocyanate (FITC; BD-Pharmingen) to detect anti-Glut1 staining and rabbit anti-mouse IgG1-FITC (BDPharmingen) to detect anti-HK1 staining, in staining solution for 30 min. The cells were washed and resuspended in 2% fetal calf serum in PBS for flow cytometric analysis or were mounted on slides and analyzed microscopically at ϫ1,000 with a Nikon E800 microscope (Optical Apparatus, Ardmore, Pa.), Micromax digital camera (Princeton Instruments, Trenton, N.J.), and Metamorph 4.5 imaging software (Universal Imaging, Downington, Pa.).
Northern blots. Total RNA was isolated by Trizol (GIBCO-BRL), and 10 g was separated on a 1% agarose-formaldehyde gel. Nitrocellulose filters were probed with mouse PFK1 cDNA (IMAGE clone 533677; Reseach Genetics, Huntsville, Ala.). To demonstrate equivalent loading of total RNA in each lane, nitrocellulose filters were stripped and hybridized with an 18S RNA-specific probe (data not shown).
Flow cytometry. Cells were analyzed by flow cytometry by using a FACScalibur cytometer (Becton Dickinson, Mountain View, Calif.) and Cell Quest software (Becton Dickinson). To determine cell viability, cells were stained with 10 g of the vital dye propidium iodide (PI; Molecular Probes, Eugene, Oreg.) per ml. Analysis of changes in Bax conformation in response to IL-3 withdrawal was performed as described previously (40), with small modifications. Briefly, cells were fixed for 5 min with 0.25% paraformaldehyde in PBS and washed twice in PBS. For the primary stain, fixed cells were incubated with 10 g of a purified mouse IgG1 monoclonal antibody specific for amino acids 12 to 24 of Bax (clone 6A7; BD-Pharmingen) or an isotype control monoclonal antibody (BD-Pharmingen) per ml in staining media containing 100 g of digitonin (Sigma) per ml and 10% normal rat serum in PBS for 30 min at room temperature. Because FL5.12 cells express Fc receptors that could bind antibody nonspecifically, 5 g of blocking anti-Fc␥III/II (clone 2.4G2; BD-Pharmingen) per ml was added to each primary stain. Cells were washed in PBS with 100 g of digitonin/ml and incubated with rat anti-mouse IgG1-FITC (clone A85-1; BD-Pharmingen) in digitonin staining medium for 30 min at 4°C. The stained cells were then washed in PBS containing 100 g of digitonin/ml and stained for DNA content by incubation in PBS containing 100 mg of digitonin/ml, 50 g of RNase A (Boehringer Mannheim) per ml, and 5 g of PI/ml for 20 min prior to flow cytometric analysis. To avoid potential staining artifacts that may have occurred in fully apoptotic cells, subdiploid cells were excluded from analysis.
Biochemical assays. Glucose uptake was determined by oil separation as previously described, with small modifications (61) . Briefly, cells were washed one time in PBS and then cultured for 15 min in glucose uptake buffer (8.1 mM Na 2 HPO 4 , 1.4 mM KH 2 PO 4 , 2.6 mM KCl, 136 mM NaCl, 0.5 mM MgCl 2 , and 0.9 mM CaCl 2 [final pH, 7.4]) at 37°C at a concentration of 5 ϫ 10 6 cells/ml. Microcentrifuge tubes were prepared to measure glucose uptake by layering 25 l of 8% sucrose-20% perchloric acid, 100 l of bromo-dodecane, and 50 l of glucose uptake buffer containing 1 Ci of [ 3 H]2-DOG. Cells were added to the top layer of glucose uptake buffer with radiolabeled 2-DOG with 5 ϫ 10 5 cells per tube to initiate the glucose uptake assay. After a 2-min incubation at room temperature, the microcentrifuge tubes were spun at maximum speed for 1 min. Radiolabeled 2-DOG taken up by cells in the 2-min incubation was carried through the bromo-dodecane layer into the lower sucrose-perchloric acid layer, while uninternalized [ 3 H]2-DOG remained in the upper layer. The tubes were then frozen and cut in the center of the bromo-dodecane layer, and radioactivity in the lower layer was determined.
Hexokinase activity was determined as previously described (63) . Briefly, a spectraphotometric assay was carried out in which glucose-6-phosphate formation was coupled to NADPH production. Cells (5 ϫ 10 6 ) were collected and lysed in a 50 mM sodium phosphate-0.1% (vol/vol) Triton X-100 buffer. Alternatively, 10 g of protein from purified mitochondria was used for hexokinase determination. Lysates and purified mitochondria were then added to a reaction mixture containing 3 mM glucose, NADP (5 mg/ml), glucose-6-phosphate dehydrogenase (100 U/ml), 220 mM ATP, and 1% monothiolglycerol. NADPH production was measured as the change in absorbance at 340 nm by using a SpectraMax 190 spectrophotometer (Molecular Devices, Sunnyvale, Calif.). Data are expressed as the change in absorbance at 340 nm/second/5 ϫ 10 5 cells ϫ 10 Ϫ4 . PFK1 activity was measured as previously described (51) . Briefly, cells were resuspended in 50 l of PFK lysis buffer (50 mM HEPES [pH 7.0], 100 mM KF, and 15 mM EGTA [pH 7.4]), frozen in a dry ice-ethanol bath and thawed at 37°C. Lysates were centrifuged at 30,000 ϫ g for 30 min at 4°C. Supernatants were then added to 950 l of reaction buffer (50 mM HEPES [pH 7.0], 100 mM KCl, 5 mM MgCl 2 , 1.5 mM ATP, 0.15 mM NADH, 5 mM NaHPO 4 , 0.1 mM AMP, 1 mM NH 4 Cl, 5 U of triose phosphate isomerase/ml, 0.5 U of aldolase/ml, 0.5 U of ␣-glycerophosphate dehydrogenase/ml, and 5 mM fructose-6-phosphate; all obtained from Sigma). Absorbance at 340 nm was read at room Pentose phosphate shuttle activity was determined by culturing 2 ϫ 10 6 cells that had been grown in IL-3 or withdrawn from IL-3 for 12 h in glucose and sodium bicarbonate-free RPMI medium (Sigma) that had been supplemented with dialyzed fetal calf serum (GIBCO-BRL)-20 mM HEPES-5 mM glucose-0.2 Ci of D-1-14 C-glucose or D-6-14 C-glucose. The cells were placed in closed vials with raised-center wells containing a filter paper soaked in 100 l of 5% KOH and incubated at 37°C. After 4 h, the filter papers were removed and their radioactivity was determined. Pentose phosphate shuttle activity was calculated by subtracting the radioactivity levels of samples incubated with D-6-14 C-glucose from those incubated with D-1-14 C-glucose.
RESULTS
New protein translation is not required for Akt-mediated survival of growth factor-deprived cells. mAkt protects factordependent cells from growth factor withdrawal-induced apoptosis (48) . To determine if this protection was mediated by activation of a survival-promoting program of transcription and protein translation, mAkt-expressing and control cells were withdrawn from growth factor and cultured in the presence or absence of the protein synthesis inhibitor CHX or the PI3-K inhibitor LY (Fig. 1) . CHX and LY were replenished on VOL. 23, 2003 GLUCOSE UPTAKE PREVENTS Bax ACTIVATION AND CELL DEATH 7317 days 2 and 4. Treatment of cells with CHX did not result in loss of mAkt protein beyond the decline observed for stable endogenous proteins (data not shown). The maintenance of mAkt protein levels was likely due to decreased protein degradation, which has been observed upon inhibition of protein synthesis (17) . CHX treatment had no measurable effect on mAkt-mediated cell survival at time points out to 6 days ( Fig.  1 and data not shown). Phosphorylation of mAkt was maintained in the absence of IL-3 regardless of CHX treatment (data not shown). Inhibition of mAkt activation by culturing cells in LY, however, caused the dephosphorylation of mAkt (data not shown) and prevented mAkt from mediating its survival effect. While the regulation of mAkt phosphorylation in IL-3 withdrawal and LY treatment is unclear, these data indicate that long-term Akt-mediated cell survival in the absence of growth factors correlates with the ability of Akt to maintain a phosphorylated state rather than induction of new transcription and protein translation. Constitutively active Akt requires glucose to prevent cell death. Unlike growth factor-independent survival promoted by antiapoptotic Bcl-2 proteins, mAkt requires the presence of glucose in the culture medium to mediate its protective effect (20, 48) . It has been proposed that this dependence of Akt on glucose to promote cell survival is due to Akt-dependent stimulation and maintenance of hexokinase activity and the action of glucose-6-phosphate as a signaling molecule (20) . In support of this model, the glucose analog 2-DOG, which can be phosphorylated by hexokinase but cannot be further metabolized through glycolysis, was sufficient to maintain short-term survival of cells following irradiation and serum withdrawal (20) . In addition to acting as a potential signaling molecule, 2-DOG can be metabolized through the pentose phosphate pathway to generate NADPH (36, 37) . To determine if 2-DOG was sufficient to allow Akt to promote long-term cell survival upon growth factor withdrawal, IL-3-dependent FL5.12 control (Neo) and mAkt-expressing cells were tested for survival upon IL-3 withdrawal in the absence of glucose or in the presence of glucose or 2-DOG. In the presence of glucose or 2-DOG, the control cells died more slowly than cells withdrawn from IL-3 in the absence of glucose ( Fig. 2A) . Nevertheless, all control cells rapidly underwent apoptosis when withdrawn from IL-3, with less than 1% viable at 38 h regardless of treatment. In contrast, cells expressing mAkt were protected from apoptosis by IL-3 withdrawal in glucose-containing medium (Fig. 2B) . Although 2-DOG allowed mAkt to provide a degree of protection from growth factor withdrawal similar to that observed by 2-DOG in control cells, mAkt expression no longer offered long-term protection from death in the absence of glucose or if 2-DOG was substituted for glucose. These data suggested that mAkt cells require glucose hydrolysis through glycolysis for mAkt to mediate a protective effect from growth factor withdrawal. Direct measurement of glucose hydrolysis confirmed that mAkt cells consumed glucose upon IL-3 withdrawal at levels substantially higher than those for the control cells (Fig.  2C ). This requirement for glucose hydrolysis was not simply due to a requirement to generate pyruvate as a mitochondrial substrate, because addition of mPyruvate did not affect cell death in cultures either in the absence of glucose or with 2-DOG (data not shown).
Glucose uptake is increased and maintained by mAkt expression. The requirement of mAkt for glucose hydrolysis suggested that mAkt may mediate its protective effects by promoting glucose metabolism. Because Akt has been shown to play an important role in insulin-responsive glucose uptake (55) and can regulate Glut1 mRNA levels (5, 48), we sought to determine if constitutively active Akt affected glucose uptake in hematopoietic cells. Cells expressing mAkt were compared to control cells for their capacity to uptake glucose in the presence or after the removal of IL-3 for periods of 5 or 10 h (Fig. 3A) . These time points were chosen because up until 12 h of IL-3 deprivation, control cells can completely recover upon the readdition of IL-3, as demonstrated by an over-90% cloning efficiency (57) . The control cells were found to have decreased glucose uptake after both 5 and 10 h of neglect. Constitutive Akt activity increased the capacity of FL5.12 cells to take up glucose at all time points. Because Glut1 is the dominant glucose transporter expressed on hematopoeitic cells, Glut1 expression was analyzed to determine if changes in Glut1 expression caused the increased glucose uptake observed in mAkt cells. Despite the ability of mAkt to attenuate Glut1 mRNA loss in FL5.12 cells following removal from IL-3 (48), the increased glucose uptake capacity of mAkt-expressing VOL. 23, 2003 GLUCOSE UPTAKE PREVENTS Bax ACTIVATION AND CELL DEATH 7319 cells was not due to increased total Glut1 protein expression. Both in the presence and after 10 h in the absence of IL-3, mAkt-expressing cells were found to have Glut1 expression levels nearly identical to those of the control cells, as determined by Western blot analysis (Fig. 3B) and by flow cytometric analysis of Glut1 total cellular expression by immunofluorescence (Fig. 4A) . Constitutively active Akt promotes and maintains Glut1 surface localization. Glucose transporters can be regulated at many levels, including transcription, mRNA stability, and protein localization (3) (4) (5) 27) . Because Akt has been demonstrated to play an important role in the translocation of Glut4 to the cell surface following insulin signaling in adipose and muscle cells (55), we tested whether mAkt affected Glut1 localization in hematopoietic cells. The control and mAkt-expressing cells were permeabilized, stained, and analyzed by immunofluorescence for Glut1 (Fig. 3C and 4C ). In the control cells growing in IL-3, Glut1 was found mainly intracellularly (Fig. 3C , upper left panel, and 4C) with a ring of Glut1 at the cell surface. mAkt expression resulted in Glut1 localization predominantly on the cell surface (Fig. 3C, upper right panel, and 4C ). Glut1-containing vesicles were detectable in the cytosol of mAktexpressing cells but to a much lesser degree than in the control cells. When the control cells were deprived of IL-3 for 10 h, cell surface expression of Glut1 was significantly reduced and the ring of cell surface Glut1 staining was no longer discernible (Fig. 3C, lower left panel) . Instead, Glut1 appeared to be localized almost exclusively in cytoplasmic vesicles. In contrast, 10 h after removal from IL-3, constitutively active Akt maintained cell surface Glut1 localization. To confirm these results, plasma membranes were isolated from the control and mAktexpressing cells grown in the presence or after 12 h in the absence of IL-3 (Fig. 3D) . As suggested by immunofluorescence, plasma membrane-associated Glut1 was found to decrease in control cells when removed from IL-3. Plasma membrane-associated Glut1 on mAkt cells, however, remained high even in the absence of IL-3. These data indicate that Akt activity is sufficient to affect Glut1 localization and suggest that the increased glucose uptake capacity of mAkt cells was the result of surface localization of Glut1 rather than increased Glut1 protein levels. Akt increases hexokinase activity. Glucose transporters are facilitative and transport glucose down concentration gradients. Cells cannot retain glucose in the cytoplasm until it is phosphorylated by hexokinase. Cells maintained in IL-3 or withdrawn from IL-3 for 12 h were prepared, and total cellular hexokinase activity was measured to determine the effect of IL-3 withdrawal on hexokinase activity and whether constitutive activation of Akt affected hexokinase function (Fig. 5A) . Like glucose uptake, hexokinase activity decreased in control cells upon IL-3 withdrawal. Cells with constitutively active Akt had increased hexokinase activity in the presence of IL-3 relative to that in the control cells. When IL-3 was withdrawn, mAkt-expressing cells had only a small decrease in total cellular hexokinase activity, maintaining twofold-greater activity than the control cells.
Hexokinase activity can be cytosolic or mitochondrially associated, and mitochondrial-associated hexokinase activity has been suggested to play an important role in apoptosis (20, 47) . Mitochondria from control and mAkt-expressing cells were, therefore, prepared from cells grown in the presence of IL-3 or from cells withdrawn from IL-3 for 12 h. While cells expressing mAkt were found to have higher mitochondrial hexokinase activity than the control cells, mitochondrial hexokinase activity was not affected by IL-3 withdrawal in either the control or mAkt-expressing cells (Fig. 5B) . Loss of mitochondrial hexokinase activity, therefore, is not the cause of cell death upon growth factor withdrawal.
Overexpression of Glut1 promotes Glut1 surface localization. Because mAkt maintained the uptake and phosphorylation of glucose in growth factor-withdrawn cells, we next sought to determine if these activities were sufficient to mimic the effects of mAkt on cell metabolism and survival. Four primary isoforms of hexokinase exist in mammals, with types 1 and 2 being mitochondrially targeted while types 3 and 4 are cytosolic (62) . Because Akt has been reported to maintain mitochondrial hexokinase activity and HK1 overexpression can support short-term viability upon apoptotic stimuli (8, 20) , FL5.12 cells were transfected with Glut1 and HK1 individually or together. Stable Glut1, HK1, and Glut/HK1 double-expressing clones were selected based on total Glut1 or HK1 protein levels as determined by flow cytometric analysis of permeabilized cells. All clones expressed endogenous Glut1. Cells transfected with Glut1, however, had significantly increased levels of Glut1 protein relative to that for cells not transfected with Glut1, with similarly high Glut1 expression levels in Glut1-only cells and Glut1/HK1 double-expressing clones (Fig. 4A) . Likewise, cells transfected with HK1 had high levels of detectable HK1 protein compared to cells not transfected with HK1 (Fig.  4B) . Cells not transfected with HK1 stained negative for HK1 because FL5.12 cells do not express endogenous HK1 but rather express HK2. Because the mechanism of Glut1 localization to the cell surface is unknown, Glut1-transfected cells were analyzed to determine if Glut1 overexpression resulted in an increase in cell surface Glut1 protein. Control, mAkt, and Glut1 cells were permeabilized, and Glut1 localization was observed by immunofluorescence (Fig. 4C) . Glut1-overexpressing cells were found to have high levels of cell surface Glut1 protein. This localization pattern correlated with high glucose uptake capacity of Glut1 and Glut1/HK1 cells (data not shown). Glut1 and Glut1/HK1 cells also had significant intracellular pools of Glut1 (data not shown), but the high concentration of Glut1 on the cell surfaces obscured the view of these pools by immunofluorescence. Large amounts of cell surface Glut1 were maintained in Glut1-and Glut1/HK1-overexpressing cells upon withdrawal from IL-3, as determined by immunofluorescence and glucose uptake experiments (data not shown). mAkt increases total cellular glucose consumption while expression of Glut1 and HK1 does not. Since mAkt cells displayed increased glycolytic rates compared to those of the control cells, we next determined if the constitutive expression of Glut1 and HK1 was sufficient to increase glucose consumption. To determine if Glut/HK1 cells differed from the control cells in their glucose consumption, control cells, mAkt-expressing cells, and cells expressing Glut1 and HK1 were grown in the presence of IL-3. Cell cultures were established, and cell concentrations and the contents of glucose and lactate in the culture supernatant were determined daily for 5 days. All clones grew at similar rates (Fig. 6A) . Only mAkt cells, however, depleted their cultures of glucose (Fig. 6B) . This glucose appeared to be metabolized through glycolysis and not stored as glucose-6-phosphate or glycogen or metabolized through other pathways because mAkt expression caused an increase in lactate in the medium that was comparable to the depletion of glucose (Fig. 6C) . PFK1 protein levels and activity are maintained by mAkt upon IL-3 withdrawal. The critical commitment step for glycolysis is the phosphorylation of fructose-6-phosphate by PFK1. Prior to this step, glucose or fructose-6-phosphate can be shunted through the pentose phosphate pathway. ATP is hydrolyzed by PFK1 in the conversion of fructose-6-phosphate to fructose-1,6-bisphosphate. As a result of the hydrolysis of ATP, this step represents an irreversible commitment of glucose to glycolysis. PFK1 expression and activity were, therefore, measured in control, Glut1/HK1, and mAkt cells in the presence of IL-3 or after 12-h withdrawal from IL-3. mRNA for PFK1 decreased upon IL-3 withdrawal in all samples, indicating that Akt activity did not significantly affect transcription of PFK1 (Fig. 7A) . PFK1 protein levels were also observed to decrease significantly in control and Glut1/HK1 cells following IL-3 withdrawal (Fig. 7B) . PFK1 protein levels remained high, however, in mAkt cells after culture for 12 h in the absence of IL-3. The maintenance of PFK1 protein levels by mAkt may have been due to a prevention of its degradation because growth factor-withdrawn cells initiate a cellular atrophy program characterized by significant proteolysis that Akt can prevent (15) . To confirm that PFK1 protein levels correlated with PFK1 function, we tested PFK1 activity in cell lysates from cells cultured in the presence or absence of IL-3 for 12 h (Fig. 7C) . Neither control nor Glut1/HK1 cells maintained PFK1 activity upon removal from IL-3. Constitutively active Akt, however, maintained PFK1 activity despite IL-3 deprivation.
High cytosolic NAD(P)H is maintained by mAkt during IL-3 withdrawal. To determine if constitutively active Akt could affect the activity of glycolytic enzymes and generation of mitchondrial substrates downstream of hexokinase upon IL-3 withdrawal, NAD(P)H levels were measured in control, Glut1/ HK1, and mAkt cells. To measure NAD(P)H, intact whole cells were analyzed by spectrofluorimetic detection of NAD(P)H (Fig. 8) . Total cellular NAD(P)H levels, as well as mitochondrial-accessible and cytosol-accessible NAD(P)H levels, were determined. Mitochondrial NAD(P)H was measured by the addition of the protonophore FCCP to cause the uncoupling of electron transport from F 1 F 0 ATPase, thus shifting the electrochemical equilibrium to favor oxidation of NADH to NAD and consumption of mitochondrial NADH. The decrease in NAD(P)H fluorescence from initial total cellular NAD(P)H fluorescence following FCCP addition, therefore, indicates the relative amount of mitochondrial-accessible NADH. To determine what fraction of remaining fluorescence could be attributed to cytosolic NAD(P)H, mPyruvate was added. mPyruvate is cell permeable and causes the oxidation of cytosolic NADH to NAD by lactate dehydrogenase. The further decrease in NAD(P)H fluorescence as a consequence of the reduction of mPyruvate to lactate, therefore, serves as an indicator of cytoplasmic NADH.
In this assay, control, Glut1/HK1, and mAkt cells had similar initial and FCCP-treated fluorescence profiles in the presence of IL-3 (Fig. 8A ). Glut1/HK1 and mAkt cells, however, had increased NAD(P)H available to cytoplasmic lactate dehydrogenase because their absorbances were more significantly affected than those of the control cells by addition of mPyruvate.
In the absence of IL-3, the control cells had significantly decreased NAD(P)H fluorescence and their residual fluorescence was less affected by FCCP and mPyruvate than in the presence of IL-3 (Fig. 8B) . IL-3-withdrawn Glut1/HK1 cells also had significantly decreased cellular NAD(P)H but nevertheless maintained a higher level of FCCP and mPyruvatesensitive pool NAD(P)H than that of the control cells. Cells with constitutively active Akt, however, retained their FCCP and mPyruvate-sensitive fluorescence in the absence of IL-3 at levels similar to those in the presence of IL-3, suggesting that mAkt caused cells to continue glycolysis and maintain cytosolic NAD(P)H production. These data indicate that, although unable to maintain production of NAD(P)H to the extent of that of mAkt cells upon removal from IL-3, Glut1/HK1 cells can maintain higher levels of production of glucose-derived metabolic substrates than can control cells. Consistent with this finding, Glut1-expressing cells were found to maintain increased rates of glycolysis relative to that of control cells upon IL-3 withdrawal (data not shown).
NADH and NADPH display fluorescence profiles indistinguishable by the means used here. To determine the rate of NADPH generation as an indicator of the contribution of NADPH to NAD(P)H fluorescence, pentose phosphate pathway activity was measured (Fig. 8C) . Control, Glut1/HK1, and mAkt-expressing cells were grown in the presence or in the absence of IL-3 for 12 h, and glucose flux through the pentose phosphate pathway was measured. Growth factor withdrawal caused a twofold reduction in pentose phosphate pathway activity for both control and Glut1/HK1 cells. Cells expressing mAkt, however, were found to maintain their level of glucose flux through the pentose phosphate pathway even in the absence of IL-3. This maintenance of pentose phosphate activity was unlikely, due simply to the maintenance of glucose uptake and phosphorylation that mAkt promotes, because Glut1/HK1 cells also maintained high glucose uptake and phosphorylation upon IL-3 withdrawal yet had reduced pentose phosphate activity. Rather, these data suggest that Akt can promote the maintenance of this pathway directly.
Glut1 and HK1 increase cell survival upon IL-3 withdrawal by preventing change in Bax conformation. These data suggest that one mechanism by which Akt may promote growth factorindependent survival is through the support of glucose metabolism. To determine if the maintenance intracellular stores of hydrolyzable glucose was sufficient to prevent cell death upon growth factor withdrawal, control, Glut1, HK1, and Glut1/HK1 cells were observed upon removal from IL-3. The control cells died rapidly upon IL-3 withdrawal (Fig. 9A) . Cells expressing both Glut1 and HK1, however, had substantially enhanced survival without IL-3. Surviving Glut1/HK1 cells were fully viable and could be recovered by the addition of IL-3 even after up to 5 days in the absence of IL-3, whereas control cells could not be rescued by IL-3 at this time (data not shown).
Because the proapoptotic Bcl-2 family member Bax has been shown to play an important role in initiating the mitochondrial cell death pathway (38, 60, 68) , we next sought to determine if the maintenance of intracellular stores of hydrolyzable glucose in Glut1/HK1 cells might promote cell survival by affecting the regulation of Bax. Bax is normally present in the cytosol in an inactive conformation. Upon apoptotic stimulation, an unknown event causes Bax to translocate to mitochondria and undergo a conformational change that reveals a hidden N-terminal epitope (21, 42) . After conformational change, Bax is activated and can promote mitochondrial release of cytochrome c (30) . Control and Glut1/HK1 cells, therefore, were analyzed by flow cytometry for the presence of activated Bax by using an N-terminal Bax-specific antibody (Fig. 8B) . Control cells withdrawn from IL-3 for 12 h were found to have a substantial population (37.2%) of cells with Bax in an activated conformation. Glut1/HK1 cells, in contrast, had only a small number of cells (11.3%) in which Bax had undergone conformational change. These data indicate that Bax conformational change may be sensitive to changes in glucose metabolism.
Since Glut1/HK1 expression can promote survival, and since Akt requires glucose to promote survival, it is possible that Akt-dependent increases in glucose metabolism are required for survival. Bax activation in control and mAkt-expressing cells was therefore measured in cells deprived of IL-3 or glucose. Previously, Bax mitochondiral redistribution and confor- VOL. 23, 2003 GLUCOSE UPTAKE PREVENTS Bax ACTIVATION AND CELL DEATH 7323 mational change had been observed upon glucose withdrawal in cell populations by immunoprecipitation with activated Bax conformation-specific antibodies (58) . Here, using single-cell analysis by flow cytometry, we observed Bax to become activated in control cells upon withdrawal of either IL-3 or glucose (Fig. 9C ). In agreement with previous work (56, 65), we found that cells expressing constitutively active Akt resist Bax conformational change after withdrawal of IL-3 in the presence of glucose. Removal of glucose from the culture medium in either the presence or absence of IL-3, however, caused a Ͼ10-fold increase in mAkt-expressing cells with active-conformation Bax.
To further test the role of glycolysis in mAkt-mediated survival, growth factor-withdrawn cells were treated with IAA, an inhibitor of glyceraldehyde-3-phosphate dehydrogenase (22, 64) . While control cells underwent cell death upon IL-3 withdrawal and IAA had little effect, IAA treatment prevented the protection of cells from growth factor withdrawal for both Glut1/HK1 and mAkt-expressing cells (Fig. 9D) . This was not due to general cell toxicity of IAA because FL5.12 cells expressing Bcl-xL were unaffected by IAA, possibly because Bcl-xL maintains cell viability in the absence of growth factor even when glycolysis becomes depressed (48, 49) . These data suggest that Glut1/HK1 and mAkt-expressing cells require glycolysis to promote cell survival. Further, these data indicate that Bax conformational change may be sensitive to changes in glucose metabolism and suggest that promotion of glucose metabolism in both Glut1/HK1 and mAkt cells may maintain survival by preventing metabolism-sensitive Bax conformational change and activation.
DISCUSSION
The serine/threonine kinase, Akt, participates in many signal transduction pathways that can prevent cell death upon withdrawal from extrinsic signals. The mechanism by which mAkt maintains survival has been unclear but has been shown to depend on glucose (20, 48) . Here, we show that Akt does not require new protein translation but rather utilizes a posttranslational mechanism that depends on glucose hydrolysis to promote survival of growth factor-withdrawn cells. Furthermore, control of glucose metabolism by Akt occurs at multiple glycolytic control points and may be a critical component of Aktdependent survival in the absence of growth factors because maintenance of glucose metabolism on its own is sufficient to attenuate Bax conformational change and growth factor withdrawal-induced cell death. How precisely Akt-mediated regulation of glucose metabolism acts to prevent Bax activation and contribute to cell survival is unclear. One possible mechanism is that Akt-driven glucose uptake and phosphorylation by glucose transporters and hexokinase, respectively, cause an accumulation of glucose-6-phosphate that can then act to provide cell survival signals. This possibility is supported by the observation that the glucose analog 2-DOG is sufficient to replace glucose in shortterm survival assays (20) . Phospho-2-DOG may provide only a short-term survival advantage because accumulation of phospho-2-DOG has been shown to cause dissociation of hexokinase proteins from outer mitochondrial membranes (54) , which may lead to apoptosis (20, 47) . Alternatively, the ability of 2-DOG to be metabolized through the pentose phosphate shuttle but not through glycolysis (36, 37) may suggest that generation and regulation of other metabolites, such as NADPH, may be important for short-term cell survival. The ability of mAkt to maintain pentose phosphate shuttle activity even in the absence of growth factor may support continued NADPH generation and cellular redox regulation to promote short-term cell survival. The failure of 2-DOG to support longterm mAkt-mediated survival, however, indicates that pentose phosphate shuttle activity is not sufficient to allow long-term survival. Instead, Akt-driven glucose metabolism may promote survival by stimulating glucose hydrolysis and generation of substrates for mitochondrial metabolism through glycolysis. In support of the latter hypothesis are observations that Akt ac- VOL. 23, 2003 GLUCOSE UPTAKE PREVENTS Bax ACTIVATION AND CELL DEATH 7325 tivity can increase rates of glycolysis and promote glucose consumption and lactate production (18, 20, 48) . Akt regulates cellular metabolism through multiple mechanisms. Intracellular localization of nutrient transporters is an important primary mechanism to regulate metabolism. Akt has also been shown to regulate the localization of Glut4 in myoblasts and adipocytes, as insulin-stimulated translocation of Glut4 has been shown to depend on both the Rho family GTPase TC10 and the phosphatidylinositol 3-kinase/Akt pathway (9, 55) . Myoblasts and adipocytes also express Glut1, but in these cases, Glut1 is apparently constitutively localized to the cell surface. In contrast, hematopoietic cells do not express Glut4; instead, Glut1 is the dominant glucose transporter. Here, we show that Glut1 localization in hematopoietic cells is regulated by the cytokine IL-3 and by the kinase Akt. In addition, Akt has been shown to promote surface localization of the amino acid transporter-associated protein 4F2hc, transferrin receptor, and low-density lipoprotein receptor in an mTOR-dependent manner (15) . The mechanism by which localization of Glut1 may be regulated in hematopoietic cells, however, is unclear. Because Glut1 translocates poorly in response to insulin in myoblasts and adipocytes (14) , Glut1 localization in hematopoietic cells may be regulated through pathways different from those for Glut4. Alternatively, the regulation of Glut1 localization may be different in myoblasts and adipocytes than in hematopoietic cells. In this view, regulation of Glut1 localization in hematopoietic cells may resemble that of Glut4 in myoblasts and adipocytes.
The enhanced survival of Glut1/HK1 cells upon IL-3 withdrawal demonstrates that glucose uptake and capture can promote cell survival when cells are withdrawn from growth factor. The ability of Glut1/HK1-expressing cells to survive IL-3 withdrawal indicates that glucose and its metabolic derivatives become limiting in growth factor deprivation and thus contribute to apoptosis, possibly through activation of Bax. Nevertheless, Glut1/HK1 cells did not survive as well as mAkt-expressing cells. Glucose uptake and phosphorylation must be accompanied by other events to allow survival at a level similar to that in mAkt cells. As indicated by the failure of 2-DOG to replace glucose in mAkt-mediated long-term survival in the absence of growth factor, accumulation of phosphoglucose or its analogs was not on its own sufficient to promote survival. Instead, phosphoglucose must be further metabolized to support mAkt-dependent survival. Therefore, by allowing IL-3-deprived cells continued access to phosphoglucose, Glut1 and HK1 expression may support these metabolic pathways. The failure of Glut1/HK1 cells to fully maintain PFK1 activity, the inability of Glut1 and HK1 expression to fully maintain NAD(P)H levels equivalent to those of mAkt cells in the absence of IL-3, and the failure to maintain pentose phosphate shunt activity, however, may explain the lower rate of longterm survival of Glut1/HK1 cells compared to that of mAkt cells when deprived of IL-3.
The death of cells withdrawn from extrinsic signals requires the actions of the proapoptotic molecules Bax or Bak (38, 60, 68) . Both Bax and Bak require some form of activation to initiate mitochondrial dysfunction and release of the contents of the mitochondrial intermembrane space. Bax must change conformation and translocate to the mitochondria (21, 42) , and Bak must homo-oligomerize (60) . The source of each of these activation events is unknown. The ability of glucose starvation to cause Bax conformational change and translocation (58) and the ability of Glut1 and HK1 expression to prevent Bax activation, however, indicate that Bax is sensitive to regulation by glucose metabolism. The effects of the loss of glucose metabolism and the mitochondrial hypopolarization that occurs during cellular atrophy of growth factor-withdrawn cells may therefore result in Bax and Bak activation leading to the loss of mitochondrial homeostasis. While Akt has been shown to prevent the activation of Bax upon withdrawal of cells from cytokine (56, 65) , the mechanism has been unclear. Akt does, however, require glucose and cellular ability to perform glycolysis to prevent Bax activation and cell death. One possible mechanism used by Akt to prevent Bax activation and the loss of mitochondrial integrity, therefore, may be the promotion of glucose capture and commitment by its actions at multiple points of glycolysis, including regulation of glucose transporters, maintenance of hexokinase function, and stabilization of PFK1 protein levels and activity. It is unclear, however, what metabolite or metabolic pathway to which Bax may respond and if this response is direct or indirect, through actions of BH3-only proteins (46) .
The regulation of glucose metabolism may also play an important role in tumorigenesis. It has long been appreciated that cancer cells have increased glycolytic metabolism, termed the Warburg effect (59) . Recently, the regulation of glucose transport on its own has been implicated in the development and progression of cancer, as increased Glut1 expression has been associated with lung and colorectal carcinoma (26, 66, 67) and correlated with poor prognosis in breast cancer (35) . In addition, suppression of glucose transport and glucose metabolism have been shown to inhibit tumor growth (1, 44) . The ability of Akt to promote glucose uptake and initiate glycolysis through posttranscriptional regulation of glycolytic enzymes, therefore, may represent key aspects of Akt-mediated prevention of cell death, promotion of cell growth, and contribution to tumorigenesis.
